by accuracy? Do population differences in dental maturity infl uence accuracy? There is an urgent need for an evidencebased reference to address some of these questions. The fi rst aim of this study was to calculate the bias (difference between dental and real age) of age-estimating methods that use mandibular third molar (M3) root formation. The probability of being at least 18 given M3 root stage is also of interest. The second aim was to apply diagnostic tests of accuracy showing how root stage discriminates between individuals at least 18 years of age and those younger and to apply this knowledge to predict the likelihood of age 18 for a single individual. For this part of this study we used a separate reference sample of 1,663 radiographs. We propose an age interval for M3 root stages to aid interpretation of the term 'on the balance of probabilities' . We highlight the similarity in M3 apex maturity between world groups from published data and illustrate how a small group difference in average age has little impact on the confi dence interval of estimated age for an individual.
INTRODUCTION
Age estimation from developing teeth is frequently required in forensic cases of skeletal remains, mass disasters, children with no identifi cation papers and asylum seekers as well as in the fi elds of archaeology and anthropology. After about 14 years of age, the third molar is the only immature tooth available to estimate age. Several questions relate to estimating age from the third molar. Which methods have little bias (consistently over-or under-estimating age)? How accurately can age be estimated? What do we mean Objective Age estimation methods using mandibular third molar (M3) root formation were tested. Diagnostic accuracy of M3 to predict age 18 was tested. Design Methods were tested on a target sample of 300 dental panoramic radiographs (age [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Diagnostic accuracy was assessed on separate reference data (n = 1,663, age [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Root stage was the diagnostic test predicting 18 years of age. Methods Root stage of M3 was assessed and age estimated (n = 157) using published methods that use Demirjian or Moorrees root stages. The difference between dental and known ages was assessed. Diagnostic tests and likelihood ratios were calculated for reference data. Main outcome measure Mean difference (bias), standard deviation and absolute mean difference between dental age and known ages. Likelihood ratio of age 18, given M3 root stage. Results Only six of 37 methods estimated age with bias not signifi cant to zero. Mean absolute difference between dental and known age for these methods ranged from 1.45 to 1.97 years. Standard deviation of bias for all methods was around 2 years and 95% confi dence interval of estimated age is ± 4 years. The best methods using Demirjian and Moorrees stages are detailed. Likelihood ratio of being at least 18 if M3 was mature was 13.61. If M3 was 'A1/2' (apex half closed) or mature, on the balance of probabilities, estimated age was at least 18. Conclusion Most methods using M3 root formation estimate age with signifi cant bias. If M3 is mature, age 18 is more than likely attained.
MATERIALS AND METHODS

Bias and accuracy of age estimation
The target sample used to calculate bias was panoramic radiographs of 300 individuals aged 11 to 25 (n = 20 per year of age) shown in Figure 1 . This sample consisted of radiographs from 78 male and 93 female White Caucasians and 60 males and 67 females of Bangladeshi ethnic origin (total 138 males and 160 females). These were patients X-rayed during 2002 for diagnosis and treatment at the Royal London Hospital Dental Institute and were selected consecutively from the archive of available radiographs and do not form part of the reference study. An identical number of each age group was selected. Maturity of permanent teeth is not significantly different in the two ethnic groups. 1 Selection criteria were the presence of a left mandibular M3 and age from 11 to 25. Exclusions were M3 with abnormally short, malformed roots and pathology other than dental caries or where the radiographic image was inadequate to
• Provides two easy methods to estimate age from mandibular third molar root formation stages. Provides an estimate of the probability • of age being at least 18, applicable to a single individual, for each mandibular third molar root stage. Proposes an age interval for each • mandibular third molar root stage to help interpret the legal term 'on the balance of probabilities' .
visualise the root stage or apex. Root stage of M3 was assessed by the second author with the aid of a magnifi er using Figure 2 (from Liversidge, 2 which are adapted from Moorrees et al. 3 with added descriptions) and Levesque et al. 4 (based on Demirjian et al. 5 ). Kappa was calculated by re-assessment of root stages from 30 radiographs to determine reliability. Dental age was calculated using methods listed in Table 1. 1,2,4,6-32 Three of these do not give sex-specifi c data, 20, 30, 32 several omit some stages 26, 30 and one stage ('Ri', root initiation) has been interpolated from an illustration. 30 Two methods are detailed in Table 2 and include adapted maturity data from Levesque et al., 4 and adjusted mean age within stage from Liversidge 2 for combined groups. This adjustment was the addition of 0.33 year to the mean age within stage for the combined groups. The 95% confi dence interval (CI) for estimated age for a single individual for each stage was calculated from the product of 1.96 and the standard deviation (SD) of mean age for each root stage. Levesque et al. 4 do not give SD but this was interpolated for this paper from the cumulative curves for each stage in their illustration and calculated using the normal equivalent deviate. 33 Actual age was subtracted from dental age and mean difference (defi ned as bias), standard deviation (SD) and mean absolute difference were calculated for each method. 34 Bias was tested using the t-test with significance level of 0.05. Methods with bias not signifi cant to zero were further analysed by root stage.
Diagnostic tests
Diagnostic tests were carried out using data from Liversidge 2 where M3 stage was crown complete ('Cc') or later with additional data from 67 individuals with mature M3 apices from London aged 23 to 25. This total reference sample was radiographic data from 1,663 individuals (White and Bangladeshi groups in London and Black and Cape Coloured in South Africa). The number of individuals in each root stage was tabulated against two age categories (younger than 18 and at least 18). The probability of an individual in this sample being at least 18 was calculated by root stage. The 95% CI of this ratio was calculated and compared Figure 1 shows the age and sex distribution of the target sample as well as the proportion of individuals in M3 crown stages (grey bars), root stages (open bars) and mature (grey bars). Only individuals with M3 root stages from initial root to apex half closed were included in this part of the analysis (N = 157), as once the tooth is mature, age cannot be estimated from development. Bias, SD and mean absolute difference are shown in Tables 3-5 . Most methods showed signifi cant bias, that is, consistently over-or under-estimated age. All methods followed the pattern of overestimating younger individuals and underestimating older individuals. Methods based on maturity data under-estimated age signifi cantly. Six methods estimated age with bias not signifi cantly different to zero. These include maturity data from Levesque et al. adapted for age estimation (see Table 2 ), 4 data from Spain, Turkey, China and South African Blacks [11] [12] [13] 23 and adjusted data from the reference study (all groups combined). 2 Measures of accuracy include SD of bias as well as mean absolute difference between known and dental ages. From the six methods showing little bias, the method with the lowest mean absolute difference was adjusted data for combined groups from the reference data at 1.45 years (Moorrees stages) and for Demirjian stages was the adapted maturity data from Levesque et al. 4 at 1.71 years. Standard deviation of bias was very similar for all methods; the exception was a study based on a small sample. The reliability of estimated age is expressed as the 95% CI and indicates a 95% chance that the actual age falls within the interval. This is calculated using the SD of bias; for almost all methods this was around 2 years, making the 95% CI ± 4 years around the mean. One aspect of age estimation is to assess if an individual has reached 18. The 95% CI in Table 2 extends to 18 years of age for most root stages. A large proportion of individuals in later root stages will be at least 18 and diagnostic tests can help quantify this probability.
The probability and 95% CI of an individual from the reference sample of 1,663 radiographs being at least 18 years by M3 formation stage (positive predictive value) are shown in Table 6 . Only a small proportion of individuals in early root stages were at least 18. Once the inner root walls of the distal root were parallel ('Rc') or apex was half closed ('A1/2'), the probability of being at least 18 was high and a large proportion of individuals in these stages were 18 or older. Tests of diagnostic accuracy using root stages as thresholds are shown in Table 7 . A threshold is where we divide the reference sample into two groups: for instance, those up to stage 'Cc' and those with 'Ri' or more root formed. From the reference sample 967 out of 1,663 individuals were at least 18 and had root present and seven were at least 18 and were staged as 'Cc' . If M3 has initial ('Ri') or more root the sensitivity of this diagnostic test tells us that the probability of being at least 18 in this sample was 0.99. Sensitivity measures how well a test (root stage) detects disease in a study group (in our case correctly identifying age 18). Specifi city is the probability that the test will produce a true negative result, in our case the former stage of the threshold, in an individual aged younger than 18. For the threshold 'A1/2' and 'Ac', specifi city is high, meaning that a negative test result (M3 up to and including stage 'A1/2') discriminates well between the two age categories detecting individuals younger than 18. For each threshold there is a combination of sensitivity and specifi city and these can be combined in the ROC plot refl ecting the performance of a test. The area under The likelihood ratio of a positive test (LR+) for cut off point 'A1/2' and 'Ac' was 13.61. This means that a mature M3 (stage 'Ac') is more than 13.61 times more likely in an individual in the older age category compared to an individual younger than 18. LR-at cut off point 'Cc' and 'Ri' shows that if M3 is in a formation stage less than 'Ri' (negative test result) this is one twentieth times more likely in an individual in the older category compared to one in the younger category. In other words, an individual with M3 with no root present is twenty times more likely in an individual younger than 18 compared to one 18 or older. Our results show that at early root stages, a negative test result is good at predicting the probability of being younger than 18, while for apex stages a positive test is good at predicting the probability of being at least 18.
DISCUSSION
Accuracy of age estimation
The fi rst question we wish to answer is which methods have little bias (consistently over-or under-estimating age)? On average only six of the 37 methods tested have little bias. How accurately can age be estimated and what do we mean by accuracy? An accurate method calculates dental age close to known age. Reliability or precision of this estimate relates to the SD of bias and for all methods based on adequate sample size was around two years. Absolute mean difference is another measure of accuracy. 34 In order to test bias and accuracy, several important features of both target and reference sample should be fulfi lled such as suffi cient number, a suffi ciently wide age range in order to include early and late maturing individuals and a uniform age distribution. 36 Having similar numbers across the age range ensures that accuracy is consistent over the entire age immature target sample. The inclusion of individuals with mature M3s is something that previous studies of bias and accuracy have failed to clarify. Which method of age estimation using M3 is best? Our understanding of measuring and assessing this has advanced in the last few years with contributions from anthropology, palaeo-anthropology and forensic identifi cation of genocide victims. 37 Measures such as bias, SD of bias, mean absolute difference between dental and known ages, diagnostic tests, and Bayesian statistics are all useful to determine which method is best. 34, 37 It is clear from our results that only a handful of methods estimated age with little bias and the two detailed in Table 2 The mean absolute difference between biological and real age is an indication of the magnitude of inaccuracy and in this study ranged from 1.45 to 1.97 years in the six methods that showed bias not signifi cant to zero. Previous reports are 1.3 and 1.5 years in males and females respectively 7 and 1.13 years using a polynomial and Bayesian approach. 38 It is unclear if these studies used independent target and reference samples. Mean absolute difference using M3 to estimate age differed considerably to the value of 0.66 year using earlier developing teeth and the method of Willems et al. 41 (n = 827 developing teeth, n = 946 age 3-16 years).
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How to use Figure 3 to estimate age for a single individual
To estimate age, a developing M3 must be assigned a formation stage. Tooth formation is a continuum which we divide into specifi c stages and having clearly written criteria of root maturation helps answer 
Dental maturation and regional differences in dental maturation
Maturity is measured as the age when 50% of individuals have reached or passed a specifi c maturity event (see Cameron 45 ). The mean age of a maturity event (such as gingival eruption or a tooth stage) is also defi ned as the average age of entering the stage; some individuals will enter the stage at a younger age, some will enter considerably later. In third molars this age range can be nine or ten years from the age of the youngest individual to the age when all individuals have reached the specifi c stage. The mean age of entering a stage is not equivalent to the average age 'within stage' most frequently reported. Figure 6 (left) shows the proportion of boys who have reached M3 maturity (Demirjian stage H) for age. Data were interpolated from Levesque et al. and are shown as the dotted line. 4 Smoothed cumulative curves were calculated using probit regression for Koreans 21 and Hispanic Texans. 22 The proportion of 15 year olds who have reached M3 maturity is plotted against the midpoint of the age interval (15.5) and so forth for each subsequent age group until the age when 100% of individuals have reached this stage. Comparing maturity between groups is done by comparing the age when half of individuals have reached the question: has the root reached a specifi ed stage or not? If a tooth appears to be between stages, Demirjian suggests that it be assigned to the earlier stage. 5 Once the root stage has been selected, dental age can be read from Table 2 or Figure 3 depending on which stage assessment is used. A feature of biological maturation is that it varies considerably with age. We assume that an individual is maturing at an average age and assign a mean age after assessing M3 root stage. The 95% CI of this mean age can be interpreted as the age interval within which we are 95% sure that the individual's chronological age occurs. The average age of most M3 formation stages has a large SD up to two years resulting in a 95% CI of estimated age for a single individual of between four to six years. The range for initial root formation of M3 was 11 to 20 years; similarly the age range for apex half closed was 15 to 24 years. 2 This nine year interval in timing of these maturational stages makes age estimation using M3 inaccurate compared to other developing permanent teeth. Age in individuals who are dentally advanced will be over-estimated and in those dentally delayed will be under-estimated (see Fig. 4 ). In our sample a few individuals mature M3 very much later than average and age is hugely under-estimated (three individuals in the penultimate root stage were 22-24 years of age).
The balance of probabilities is the burden of proof in English Civil Law and this applies to age-disputed asylum-seeking individuals. We propose a new age interval (51% coverage) from the reference sample for each developing root stage. This represents an age interval centred this stage, shown as an arrow. Figure 6 (right) shows the standard error of mean age for the group and 95% CI of mean age for an individual entering the fi nal maturity stage. This shows that the 95% confi dence intervals of mean age for a single individual in these groups overlap. Although a signifi cant ethnic difference has been shown in South African Blacks compared to the three other groups of the reference study, 2 this is at the group level where the difference in standard error of mean age in groups differed significantly to zero. A single individual from one group is not signifi cantly different from any other group, because of the magnitude of the standard deviation and this ethnic difference at the group level is of no consequence when estimating age at the individual level. 37 Results from this study show that methods based on data from South African Blacks 12 and southern China 23 can estimate age with little bias and similar accuracy on our target sample. These fi ndings suggest that features of a reference sample such as size, shape, range of the age distribution and selection of radiographs are more important than the ethnic or geographic group. This also suggests that population specifi c reference studies are not required for age estimation of a single patient or forensic case.
Diagnostic tests: probability of being at least 18, given M3 root stage
What is the probability of an individual at a specifi c M3 stage being at least 18? This is expressed as the positive predictive value (PPV); it increases with root formation stage and in the reference study for a mature apex was 557/607 = 0.951. Previous studies of much smaller samples also report high values, shown in Table 9 , and unreported data from Australian Aborigines are 0.885, n = 25 (Liversidge and Townsend 2006), 46 Japan 0.941, n = 68 (personal communication, K.Kuroe), Malaysia 1.00, n = 84 (personal Diagnostic tests are positive or negative, and in our case, the test result is classifi ed as positive or negative depending on which side of the threshold level the third molar occurs. For each threshold there is a combination of sensitivity and specifi city and these can be combined in the ROC plot which is independent of prevalence. 48 A test that discriminates completely will have an ROC area under the curve of one, while an area of 0.5 has no discrimination. 49 Diagnostic tests help us answer a number of questions. 48, 50 How good is M3 root stage in detecting age 18 (sensitivity)? Our results show that thresholds at early root stages are better at detecting age 18 than late root stages. How good is this test in detecting individuals younger than 18 (specifi city)? Apical stages of formation are better than early root stages. How many false conclusions occur when using this test (error rate)? Error rate is considerable at 36% and 26% at early and late root stages respectively. Lower error rate of 17% is reported using the ratio of tooth length to apical width. 19 Our results show that diagnostic multilevel tests are effective at discriminating between the two age categories when the test results are at the extremes of the root maturation; that is, the diagnostic test performs well at early root stages and apical stages and as such is a useful and valid test. In forensic dentistry it is useful to know how well M3 root stage predicts Before the test is applied, the only measure of probability of being at least 18 is the prevalence of this age category in the population. In the United Kingdom, this can be calculated as 0.74 and 0.75 for males and females respectively (Offi ce of National Statistics 2007 51 ) indicating the chance of being at least 18 if randomly selected from the population. The nationalities accounting for the highest number of applications of asylum were Afghani, Iranian, Chinese, Iraqi, Eritrean (Home Offi ce 2007 52 ) and prevalence of being at least 18 from these countries is not well documented. Likelihood ratios indicate by how much a given diagnostic test result will raise or lower the pre-test probability of the target disorder. LRs greater than 1 increase the probability that the target disorder is present, and the higher the LR the greater this increase. Conversely, LRs less than 1 decrease the probability of the target disorder, and the smaller the LR, the greater the decrease in probability and the smaller its fi nal value. Likelihood ratios greater than 10 or less than 0.1 are useful as the meaningful change in pre to post test probability can aid decision making for the individual. After performing a diagnostic test (assessing the root formation of M3) the probability of being at least 18 can be quantifi ed using the likelihood ratio and Fagan's nomogram based on Bayesian theorem 47 and the probability of being at least 18 if M3 is mature changes from 0.75 to 0.98. This is similar to that reported by Cameriere using ratio of tooth length to apical width.
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CONCLUSIONS
This study provides two new methods of age estimation using M3 using root stages of Demirjian and Moorrees. Both these methods show bias (difference between known and dental ages) not signifi cant to zero and mean absolute difference as 1.45 and 1.71 years. Standard deviation of bias was around 2 years and 95% CI of estimated age will be at least ± 4 years. If M3 is 'A1/2' or 'Ac', on the balance of probabilities, age is at least 18. The similarity in M3 maturity between some world groups suggest that population specifi c reference studies are unnecessary to estimate age at the individual level.
The probability of being at least 18 in the reference sample if M3 was mature was 0.945. Early root stages had high sensitivity (M3 initial root and age at least 18) and rule out being at least 18, while the two last stages ('A1/2' and 'Ac') had high specifi city (M3 being mature and age being at least 18 was 0.96) ruling in 
